1. Introduction {#s0005}
===============

Major depressive disorder (MDD) is a highly prevalent complex neuropsychiatric condition characterised by a broad range of symptoms, with a yearly increase in morbidity and a high risk of mortality ([@bb0240], [@bb0285]). Approximately 50--75% of MDD patients experience more than one clinically significant episode in their lifetimes ([@bb0020]), and subsequent episodes reduce the effectiveness of antidepressant medication ([@bb0015]). Early studies suggested that psychological treatments earlier in life and at earlier stages of illness reduced the rate of recurrence of depressive episodes ([@bb0130]). Therefore, understanding the pathophysiology of MDD at the time of the first episode may provide insights into prevention and early treatment for this debilitating illness.

Whereas the pathophysiology of MDD remains unknown, computational analyses of brain structural MRIs, especially voxel-based morphometry (VBM) and volumetric analyses, are beneficial for understanding the relationship between structural changes and pathologic processes in MDD. In previous VBM reports, volume reductions in the frontal regions, especially the anterior cingulated cortex, orbitofrontal and prefrontal cortices, and the hippocampus, have the most consistent results in MDD patients ([@bb0040], [@bb0155], [@bb0255], [@bb0325]). Especially, the hippocampal volume reductions were considered to be an early potential marker in first-episode patients with MDD ([@bb0085]). Besides, larger volumes of amygdala were also found in first-episode patients with MDD ([@bb0080], [@bb0090]), and correlated positively with the severity of depressive state ([@bb0300]). These investigations indicated that the anatomical structure changes are in accordance with the hypothesis of abnormality in the cortic-limbic circuit ([@bb0175], [@bb0180]), which may contribute to the pathophysiology of MDD. Although the hippocampus, a part of the subcortical grey matter (GM), had been particularly well studied in MDD patients, several studies recently demonstrated that the functional and structural abnormalities of other subcortical GM associated with affective processing, especially the striatum ([@bb0110]) and thalamus ([@bb0310]), may also be associated with MDD. For example, the caudate nucleus is one of the central loci for reward-based behavioural learning, and therefore is intricately involved in pleasure and motivation ([@bb0105]). There were also a few studies demonstrating that MDD may be associated with a neuropathological process affecting neurocircuitry involving the connections between the frontal cortex, striatum, thalamus and the related parts of the limbic system within the limbic-cortico-striatal -thalamic-cortical (LCSTC) circuits ([@bb0320]) or the limbic-cortical-striatal-pallidal-thalamic (LCSPT) network ([@bb0075], [@bb0260]), suggesting the involvement of some subcortical structures in the pathology of MDD. However, only the structural abnormality of the hippocampus was found in most VBM studies, and the structural abnormalities of other subcortical nuclei, especially the striatum and thalamus, were not well studied.

Recently, many studies demonstrated that traditional VBM analyses of structural MRIs were not sensitive to subtle changes in the subcortical GM ([@bb0185], [@bb0210]). A few studies began to use the vertex-based shape analysis for exploring the morphological changes of the subcortical GM in Parkinson and Alzheimer\'s disease ([@bb0185], [@bb0280]), providing useful information about the location and pattern of morphological changes of the subcortical GM. Because shape analysis can precisely localise regional shape deformations in the subcortical GM and detect changes that are not found in VBM and volumetric analyses, they are now increasingly used to study subcortical GM in a variety of neurological and psychiatric disorders. In this context, shape analyses could provide a sensitive, quantitative biomarker for focal subcortical GM atrophy.

This present study aims to determine whether focal subcortical GM changes are present at the early stage of MDD or not and to elucidate their relationships with clinical severities. To minimise confounding factors that are known to possibly affect GM changes, we only recruited untreated, first episode MDD patients. Specifically, voxel-based morphometry (VBM), automated volumetric and vertex-based shape analyses will be used to assess focal, subtle changes of the subcortical GM. In addition, probabilistic tractography will be used to demonstrate the relationships between subcortical and cortical GM.

2. Materials and methods {#s0010}
========================

2.1. Subjects {#s0015}
-------------

This was a retrospective study and the ethics committee of Kunming Medical University approved the study protocol. In this study, 35 first episode and drug-naive patients were recruited from the psychiatry department of the First Affiliated Hospital of Kunming Medical University, but five of the 35 patients were excluded due to obvious structural abnormalities detected by T2-weighted MRI. Ultimately, 30 first episode and drug-naive patients (15 women and 15 men, age range 18--52 years; 100% right handed; education years range = 12--23) were recruited. Two experienced psychiatrists independently made the diagnosis of MDD according to the diagnostic assessment using the Structured Clinical Interview for DSM-IV-Patient Edition (SCID-P). All of the MDD patients also had a score of 18 or greater (scores range: 18--34) on the 17-item Hamilton Depression Rating Scale (HDRS). Those patients that had other comorbid Axis I and Axis II psychiatric disorders, such as schizophrenia, bipolar affective disorder, and personality disorders, were excluded from this study according to the SCID-I and SCID-II assessments. The MDD patients included in the study never received anti-depressive medications before the MRI examinations. All patients involved in the study provided written informed consent.

A total of 30 healthy control subjects (HCs), matched for age, gender and number of years of education, were also recruited from Kunming, but four of the 30 HCs were also excluded due to obvious structural abnormalities detected by T2-weighted MRI. Ultimately, 26 healthy control subjects (HCs) were recruited. They were screened using a diagnostic interview, the Structured Clinical Interview for DSM-IV Nonpatient Edition (SCID-NP), to rule out current or past DSM-IV Axis I disorders. They were also interviewed to affirm that there was no history of psychiatric illness in their first-degree relatives. All subjects were right-handed and without severe or acute medical conditions physically based on clinical evaluations and medical records. All of the healthy control subjects involved in the study provided written informed consent.

2.2. Magnetic resonance imaging acquisition {#s0020}
-------------------------------------------

All participants were scanned on a Philips 3T achieva TX scanner with an eight-channel head coil. A high-resolution 3D TFE sequence was acquired with the following parameters: TR = 7.7 ms, TE = 3.6 ms, matrix = 228 × 228, FOV = 250 mm × 250 mm, 230 axial slices, acquisition time = 6 min 53 s. A diffusion tensor image sequence was applied with the following parameters: TR = 7173 ms, TE = 78 ms, matrix = 115 × 115, FOV = 230 mm × 230 mm, 50 axial slices, slice thickness = 3 mm, diffusion directions = 32, acquisition time = 9 min 7 s. In addition, axial T2-weighted MR images were acquired with the parameters: TR = 2500 ms, TE = 80 ms, matrix = 332 × 225, FOV = 250 mm × 220 mm, slice thickness = 6 mm, 18 axial slices, acquisition time = 55 s. The anatomical MR images were re-evaluated for any structural abnormalities and were reported as normal in all subjects.

2.3. Voxel-based morphometry {#s0025}
----------------------------

T1-weighted 3D TFE data were analysed using FSL-VBM ([@bb0070]), an optimised voxel-based morphometry protocol ([@bb0100]) carried out using FSL tools ([@bb0270]). First, structural images were brain-extracted. Then, a tissue-type segmentation was carried out. The resulting grey matter partial volume images were then aligned to MNI152 standard space using the affine registration tool FLIRT ([@bb0120], [@bb0115]), followed by nonlinear registration using FNIRT. Second, the registered images were averaged to create a study-specific template. Then, we registered all the grey matter images to the template, and smoothed these modulated segmented images using an isotropic Gaussian kernel with a sigma of 3 mm. Finally, the voxel-wise GLM was applied using an analysis of covariance (ANCOVA), and the effects of age and gender were regressed out. The statistical threshold was set at *p* \< 0.05, corrected for multiple comparisons (family-wise error, FWE) using the cluster-wise approach. In addition, the associations between GM volume changes and clinical variables (Hamilton Depression Rating Scale (HDRS) score) were also explored (FWE-corrected, *p* \< 0.05).

2.4. Subcortical grey matter volumetric analysis {#s0030}
------------------------------------------------

We segmented the bilateral hippocampus, amygdala, accumbens nucleus, caudate nucleus, pallidum nucleus, putamen nucleus and thalamus, respectively, from each subject\'s T1 3D TFE image using FMRIB\'s Integrated Registration and Segmentation Tool (FIRST), part of FMRIB\'s Software Library (FSL 5.0.8, <http://www.fmrib.ox.ac.uk/fsl>).

For each subject, brain tissue volume, normalised for subject head size, was estimated with SIENAX, part of FMRIB\'s Software Library. SIENAX starts by extracting brain and skull images from the single whole-head input data. The brain image is then affine-registered to the MNI152 space (using the skull image to determine the registration scaling); this is primarily aimed at obtaining the volumetric scaling factor, to be used for normalisation of head size.

The results of each step of the image processing, most importantly the subcortical segmentation, were carefully examined to ensure accuracy of the results. Before conducting the statistical analyses, the volumes of each subcortical region-of-interest were adjusted for inter-individual head size differences via multiplication by the volumetric scaling factor derived from SIENAX ([@bb0265]). All statistical analyses were carried out using IBM SPSS Statistics (version 17.0; IBM, Armonk, New York). Statistical comparisons between MDD patients and healthy controls were carried out separately for the left and the right sides using an analysis of covariance (ANCOVA), adjusting for the effects of age and gender. The significance level was set at *p* \< 0.05, corrected for multiple comparisons using Bonferroni correction.

Relationships between subcortical GM volumes and clinical factors were further explored. Specifically, correlations between GM volumes and the Hamilton Depression Rating Scale (HDRS) score were assessed using Pearson partial correlation analysis after controlling for the effects of age and gender (*p* \< 0.05). Statistical analyses were conducted using SPSS.

2.5. Shape analysis of subcortical grey matter {#s0035}
----------------------------------------------

A vertex analysis was performed using FIRST in a mode of operation that aims to assess group differences on a per-vertex basis by using a multi-variate General Linear Model. To normalise for inter-individual head size differences, the meshes were reconstructed in the MNI space. Group comparisons of vertices were carried out using *F*-statistics. The effects of age and gender were regressed out. *p* \< 0.05 was considered statistically significant, corrected for multiple comparisons (family wise error, FWE) using the cluster-wise approach. The associations between regional shape changes of the subcortical GM and clinical variables (HDRS scores) were also explored (FWE-corrected, *p* \< 0.05).

2.6. Probabilistic tractography {#s0040}
-------------------------------

For each subject, we used all clusters that had a significant shape difference between two groups or correlations between the shape deformation and HDRS scores in MDD patients. These were seed masks for the probabilistic tractography. We linearly registered the individual fractional anisotropy maps to the relative T1 images using FLIRT ([@bb0120], [@bb0115]). Then, we nonlinearly registered the T1 images to the MNI template using FNIRT. Finally, the affine matrix and warps calculated with FNIRT were combined to obtain a deformation field mapping of the B0 map of each subject to the MNI space. This final shape deformation field, which was calculated in the MNI space, was used to register the clusters of local atrophy to the diffusion space of each subject.

Probabilistic tractography was performed for every voxel in the chosen seed mask, generating 5000 samples from each seed voxel to build up the connectivity distribution. In addition, we discarded all pathways that entered any of the non-significant voxels by using the non-significant voxels as an exclusion mask. For each subject and seed mask, individual tractography maps were normalised by dividing the number of streamlined samples present in each voxel by the 'waytotal', which corresponds to the total number of streamlined samples. Then, the mean streamlined samples were calculated voxelwise for all subjects and for each cluster. These resulting maps were then thresholded to a value equal to 1% of the maximum voxel intensity value in the map and were binarised as the mask of these tracts([@bb0185], [@bb0210]).

Next, we registered the binarised tracts mask to each subject\'s FA, MD, and radial diffusivity (RD) maps using the previously described transformations from the MNI 1 mm space to the diffusion space. Then, we extracted the mean FA, MD, and RD values from the binarised tracts mask and compared those values between the MDD and the control groups using nonparametric two independent samples *t*-tests. The significance level was set at *p* \< 0.05 (one-tailed and uncorrected)([@bb0185]).

3. Results {#s0045}
==========

3.1. Demographics and clinical information {#s0050}
------------------------------------------

Clinical data for 30 right-handed major depressive disorder (MDD) patients and 26 matched health controls (HCs) are presented in [Table 1](#t0005){ref-type="table"}. The two groups did not differ in age (*p* = 0.276, gender (*p* = 1.00), or number of years of education (*p* = 0.119). The mean Hamilton Depression Rating Scale (HDRS) score for the MDD patients was 23.73 ± 4.8 (range = 18--34). Data are expressed as mean ± standard deviation. An unpaired *t*-test for the continuous variables and a Pearson chi-square test for gender were performed using the Statistical Package for Social Sciences (SPSS) (version 17.0; IBM, Armonk, New York).

3.2. Voxel-based morphometry analysis {#s0055}
-------------------------------------

VBM showed no significant regions of either reductions or increases in cortical and subcortical GM volume in MDD patients compared to controls at the threshold of FWE-corrected *p* \< 0.05. In addition, there was no region with significant correlations of GM volume changes with disease severity (HDRS score) in the patients.

3.3. Volumetric analysis of subcortical grey matter {#s0060}
---------------------------------------------------

The volume of each subcortical GM was obtained respectively from each subject\'s T1 3D TFE image, normalised for inter-individual head size differences via multiplication by the volumetric scaling factor derived from SIENAX. Statistical comparisons between the MDD patients and healthy controls were carried out separately for the left and the right sides using ANCOVA, and the effects of age and gender were adjusted. [Table 2](#t0010){ref-type="table"} shows the statistical results for normalised volumes of the 14 subcortical GM structures. Compared to controls, MDD patients had a significant volume reduction in the left putamen nucleus (*p* = 0.033, Bonferroni corrected, *p* = 0.046), right putamen nucleus (*p* = 0.025, Bonferroni corrected, *p* = 0.038), and the left thalamus (*p* = 0.024, Bonferroni corrected, *p* = 0.016). But there was no difference in volumes of other subcortical GM between the MDD patients and controls (see [Supplementary Table 1](#ec0005){ref-type="supplementary-material"}).

Correlations between subcortical GM volumes and HDRS scores were assessed using the Pearson partial correlation analysis after controlling for the effects of age and gender. However, there were no correlations between the subcortical GM volumes changes and HDRS scores (see [Supplementary Table 2](#ec0010){ref-type="supplementary-material"}).

3.4. Shape analysis of subcortical grey matter {#s0065}
----------------------------------------------

We observed between-group comparisons of vertex-wise shapes that showed significant regional shape deformation on the dorsolateral and ventromedial aspects of the bilateral putamen nucleus (left putamen, FWE-corrected, *p* = 0.036 \< 0.05, *x* = − 15, *y* = 5, *z* = − 10; right putamen, FWE-corrected, *p* = 0.022 \< 0.05, *x* = 23, *y* = 6, *z* = − 10) ([Fig 1](#f0005){ref-type="fig"}a, [Fig 1](#f0005){ref-type="fig"}b), and the dorsal and ventral aspects of the left thalamus (FWE-corrected, *p* = 0.014 \< 0.05, *x* = − 16, *y* = − 32, *z* = − 4) ([Fig 1](#f0005){ref-type="fig"}c) in MDD patients. The other subcortical GM failed to show significant regional shape changes in patients compared to controls (see [Supplementary Fig 1](#f0030){ref-type="fig"}).

Meanwhile, there were significant negative correlations of HDRS scores with regional shape deformation on the dorsal side of the left thalamus (FWE-corrected, *p* = 0.044 \< 0.05, *x* = − 9, *y* = − 14, *z* = 6) ([Fig 2](#f0010){ref-type="fig"}) in MDD patients. However, the other subcortical GM failed to have significant correlations of HDRS scores with the vertex-wise shape changes (see [Supplementary Fig 2](#f0035){ref-type="fig"}).

3.5. Probabilistic tractography {#s0070}
-------------------------------

The mean tracts originating from the mask of the bilateral putamen, which have a significant shape difference between the two groups, both ran posteriorly towards the temporal lobe and anteriorly towards the orbitofrontal gyrus ([Fig 3](#f0015){ref-type="fig"}a, [Fig 3](#f0015){ref-type="fig"}b). Meanwhile, the mean tracts originating from the left putamen also ran towards the dorsolateral prefrontal cortex ([Fig 3](#f0015){ref-type="fig"}a), and the mean tracts originating from the right putamen ran towards the primary and supplementary motor cortices ([Fig 3](#f0015){ref-type="fig"}c). These mean tracts did not have any significant difference in the mean MD, FA, RD, and AD values between MDD patients and controls (see [Supplementary Table 3](#ec0015){ref-type="supplementary-material"}).

The mean tracts originated from the mask of the left thalamus, and had a significant shape difference between the two groups. The mean tracts ran posteriorly towards the temporal lobe and anteriorly towards the orbitofrontal cortex ([Fig 4](#f0020){ref-type="fig"}). Meanwhile, the mean tracts originated from the shape deformation area in the dorsal aspects of the left thalamus, having a significant negative correlation with HRDS scores ([Fig 5](#f0025){ref-type="fig"}). However, the mean tracts from the left thalamus also did not have any significant difference in the mean MD, FA, RD, and AD values between MDD patients and controls (see [Supplementary Table 3](#ec0015){ref-type="supplementary-material"}).

4. Discussion {#s0075}
=============

In the present study, structural changes in the subcortical grey matter were investigated in a homogenous group of untreated, first episode MDD patients relative to well-matched health controls using multiple methods, including voxel-based morphometry (VBM), and automated volumetric and vertex-based shape analyses. First, we observed significant volume reduction and shape deformation of the bilateral putamen and left thalamus in MDD patients. Second, we found that HDRS score changes were mainly related to shape deformation in the dorsal aspects of the left thalamus. In addition, vertex-wise analyses of shape differences proved to be more sensitive to subtle changes than was the VBM analysis, demonstrating significant shape differences of subcortical GM between MDD patients and controls. Furthermore, probabilistic tractography demonstrated that the area of shape deformation of the bilateral putamen and left thalamus had connections with the frontal and temporal lobes, which were proven to be related to major depression.

An important finding of our study is that the bilateral putamen and left thalamus volumes were reduced in first episode, untreated MDD patients compared to the controls. Our findings are consistent with several volumetric and advanced VBM studies in recent years, regarding volume reduction of the thalamus ([@bb0215], [@bb0310]). Firstly, it may be related to the improvement of morphological analysis method. Secondly, the thalamus is an integral part of the emotional salience network, emotion modulation network and cognitive/executive network ([@bb0315]). And the volume reduction of thalamus was considered to help account for the deficits in top-down regulation of negative emotions among individuals more prone to experiencing depressive symptoms ([@bb0310]). So the volume reduction of thalamus may be a potential early marker of MDD. Meanwhile, the putamen, part of striatum, has been associated with mood, cognitive processes, motivation and regulation of movement ([@bb0140]). But there were just a few studies reported the volume reductions of putamen. A postmortem study have demonstrated putamen volumes reduced possibly in an unmedicated state of patients with MDD, compared with nonpsychiatric subjects ([@bb0025]). And Andreescu et al. found that a later age of onset was also positively correlated with smaller volumes of putamen ([@bb0010]). In our studies, all patients were untreated, and the average age of onset is about 34 years old. Besides, the volumetric and shape analysis are considered to be more sensitive to subtle structural changes ([@bb0185]). So all the factors mentioned above could explain why the putamen have not been found in most studies. For the volume reduction of the putamen and thalamus, although robust pathological evidence was currently lacking, several studies have provided some insight into possible links with depression. For example, post-mortem studies have demonstrated increases of xanthine oxidase (XO) activity in the putamen and thalamus, possibly accounting for increased oxidative stress, which plays a key role in the aetiology of depression([@bb0200]). Meanwhile, a recent PET study showed a decrease of serotonin in the putamen and thalamus, also playing an important role in the aetiology of depression ([@bb0195]). In addition, greater iron deposition ([@bb0275]) or lower extracellular dopamine ([@bb0190]) of putamen nuclei, which might be associated with the MDD, were found in MDD patients compared to control subjects. Moreover, genetic polymorphism research also demonstrated that an epigenetic interaction of COMT Val158Met and MTHFR C677T polymorphisms may contribute to putamen volume differences between depressed and non-depressed subjects ([@bb0220]). All of the abnormal changes mentioned above may be blamed for volume reduction in the putamen and thalamus.

Meanwhile, the shape analysis demonstrated volume reductions in the dorsolateral and ventromedial aspects of the bilateral putamen nucleus in patients with MDD, leading to shape deformation of the putamen. Besides, probabilistic tractography demonstrated that the area of shape deformation in the bilateral putamen not only had connections with the orbitofrontal cortex (OFC) and temporal lobe, but also had connections with DLPFC in the left putamen. In addition, it was also connected with the primary and supplementary motor cortices in the right putamen. As part of the striatum, the putamen was considered to be composed of the limbic (the ventral putamen), associative (the dorsorostral putamen) and sensorimotor (the dorsocaudal putamen) subregions ([@bb0230]). According to previous studies, the ventral striatum, temporal lobe (including hippocampus and amygdala), dorsolateral prefrontal cortex (DLPFC), and orbitofrontal cortex (OFC) play a major role in emotional/motivational functions and reward processing ([@bb0145], [@bb0150], [@bb0245]), and are involved in the fronto-striatal or fronto-limbic networks ([@bb0135], [@bb0295]). These regions were also found to be associated with anhedonia and dejection ([@bb0110]), which are two core symptoms of MDD. Meanwhile, the sensorimotor striatum and the primary and supplementary motor cortices were implicated in motor output ([@bb0045], [@bb0245]), and were related with psychomotor retardation ([@bb0305]), a key feature of MDD. In addition, cognitive impairment was also found in MDD patients in several studies ([@bb0065]), and the associative striatum and DLPFC were found to play an essential role in the integration of cognitive functions and were implicated in the prefrontal cortex--basal ganglia circuit ([@bb0170]). Therefore, based on these studies, we can consider that different regions of the putamen may have connections with the relative cortices and constitute a network that contributes to the relative symptoms in MDD. Although no structural changes in these cortices, and no difference in the mean FA, MD and RD values of these tracts connecting the putamen and relative cortices, were found in our studies, the shape deformation of the putamen, as a key node of these circuits. They may contribute to the symptoms in MDD and are involved in the striatum structural changes, as well as in the connections with DLPFC, OFC and parts of the limbic system. Thus, our findings were in accordance with the hypothesis of abnormality of the limbic-cortico-striatal-thalamic-cortical (LCSTC) circuits ([@bb0320]) or limbic-cortico-striatal-pallidal-thalamic (LCSPT) network ([@bb0075], [@bb0260]) in major depression.

Within the left thalamus, local atrophy was also found in the dorsal and ventral aspects. But the previous studies failed to locate atrophy in the thalamus. Thus, the shape analysis is more sensitive to subtle structural changes than volumetric and VBM analysis. According to previous studies, sensory, motor and cognitive processes are organised and integrated in distinct nuclei of the thalamus, which have connections with specific cortical and subcortical regions ([@bb0005], [@bb0205]). In addition, the thalamus was divided into seven sub-regions, which have connections with the prefrontal cortex, primary motor cortex, premotor cortex, occipital cortex, sensory cortex, temporal lobe, and parietal lobe separately ([@bb0030], [@bb0035]). However, in our study, shape deformation of the left thalamus only had connections with the orbitofrontal cortex and temporal lobe, while the local atrophy area in the dorsal aspects of the left thalamus, which had a significantly negative correlation with HDRS scores, were connected with the temporal lobe. According to previous studies, the orbitofrontal cortex (OFC) played a major role in emotional/motivational functions ([@bb0150]). The temporal lobe, including the hippocampus and amygdala nucleus, which were most often mentioned in previous studies, was also considered to be implicated in the neural circuitry mediating major depressive disorder ([@bb0300]). The amygdala is involved in the production of affective states and the hippocampus is involved in the regulation of affective states ([@bb0225]). Meanwhile, hippocampus was also related to recollection memory and the memory of reward-associated rules ([@bb0050], [@bb0125]). In our study, no temporal lobe and orbitofrontal structural changes were found, and no difference in the mean FA, MD, and RD values of the mean tracts, which were connected with the orbitofrontal cortex, temporal lobe and thalamus, was found between the MDD patients and the controls. Thalamus is a complex sensory information node constituted by many nuclei. Several studies demonstrated that the thalamus connected the orbitofrontal cortex to negative emotion-generating limbic structures, such as the amygdala ([@bb0235], [@bb0290]), and was related with the deficits in top-down regulation of negative emotions among individuals more prone to experiencing depressive symptoms ([@bb0310]). Meanwhile, structural changes of the dorsal aspects in the left thalamus also showed a negative correlation with HDRS scores. Therefore, the shape deformation area in the thalamus might contribute to clinical symptoms and depression severity in first episode, untreated MDD patients. Meanwhile, we found that only the left thalamus had volume and shape changes, and the cause of this result might be related to the dominant hemisphere. In addition, the reconstructed putamen fibre tracts were also projected to the thalamus ([@bb0165]). Our findings in the thalamus were also in accordance with the hypothesis of abnormality of the limbic-cortico-striatal-thalamic-cortical (LCSTC) circuits or the limbic-cortical-striatal- pallidal-thalamic (LCSPT) network.

However, in our study, we did not find any volume alternation in amygdala or hippocampus in first-episode MDD patients. In most previous studies, the structural changes of hippocampus and amygdala were the most consistent results in first-episode MDD patients ([@bb0080], [@bb0085], [@bb0090], [@bb0300], [@bb0325]). One reason may due to the relatively short duration of our sample of MDD. The other reason might be attributable to heterogeneity of MDD patients, such as differences in medication status, the number of episodes, age of onset and the sensitivity of volumetric and shape analyses to subtle structural changes. In our study, the effects of medication status were excluded. And recently, a large scale meta-analysis reported that the smaller hippocampus and amygdala volumes were associated with the age of onset and the number of episodes ([@bb0250]). Age of onset ≤ 21 was associated with a smaller hippocampus, and a trend towards smaller amygdala. But in our study, all of MDD patients were first-episode and the most of age of onset was \> 21 years old. Besides, several research found that the volume deficit of hippocampus correlated with the length of illness ([@bb0060], [@bb0095]), and the hippocampal volume was lower in MDD patients with long-duration compared to patients with short-duration and HCs ([@bb0055]). According to the clinical data, most of MDD patients in our study are short-duration. Therefore, we could consider that the all the factors mentioned above may contribute to explain the inconsistencies in hippocampus and amygdala.

Several limitations of our study should be addressed. First, due to the relatively small sample size design, the results cannot be generalised to the general population. In addition, the impact of clinical variables, such as disease duration, age of onset, was also not evaluated. Future studies with a larger sample size of first episode, untreated MDD are necessary, and the relationship between clinical factors and neuroimaging results need to be clarified in the further researches. The second limitation involves the use of an automatic segmentation procedure. Although manual segmentation is time consuming and must be performed by a highly trained researcher, it is still viewed as the gold standard. Nevertheless, use of the automatic segmentation procedure has been extensively reported in peer-reviewed articles ([@bb0160], [@bb0185], [@bb0210]). Finally, in the end, although we discussed the relationship between subcortical GM structural changes and cognition, the evaluation of cognitive function was not carried out, and consequently, the exact relationships between structural changes of subcortical GM and cognitive functions remain speculative and were not addressed here.

5. Conclusion {#s0080}
=============

Structural abnormalities in the putamen and thalamus may be present in the early stages of MDD, and subcortical GM plays an important role in the neural circuitry mediating MDD. Meanwhile, our study further confirmed the hypothesis of abnormality of the limbic-cortico-striatal-thalamic-cortical (LCSTC) circuits or limbic-cortical-striatal pallidal-thalamic (LCSPT) network in MDD patients, which may contribute to the pathophysiology of MDD.

The following are the supplementary data related to this article.Supplementary Fig. 1Vertex-wise comparison on the other subcortical gray matter between MDD patients and HCs.Supplementary Fig. 1Supplementary Fig. 2Vertex-wise correlation of HRDS scores with regional shape deformation on the other subcortical gray matter in MDD patients.Supplementary Fig. 2Supplementary Table 1Normalised volumes of subcortical grey matter (mm^3^).Supplementary Table 1Supplementary Table 2the correlations between volume changes of subcortical grey matter and HDRS scores in the MDD patients.Supplementary Table 2Supplementary Table 31. The mean FA value of the tracts originated from shape deformation area.2. The mean MD value of the tracts originated from shape deformation area.3. The mean RD value of the tracts originated from shape deformation area.Supplementary Table 3
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![Vertex-wise comparison shows significant regional shape deformation on the dorsolateral and ventromedial aspects of the bilateral putamen Panel a, left putamen; Panel b, right putamen) and the dorsal and ventral aspects of the left thalamus Panel c in MDD patients, compared to HCs (family wise error-corrected, *p* \< 0.05).](gr1){#f0005}

![Vertex-wise comparison shows a significant negative correlation of HRDS scores with regional shape deformation on the dorsal side of the left thalamus in MDD patients (FWE-corrected, *p* \< 0.05).](gr2){#f0010}

![Probabilistic tractography shows the mean tracts originating from the area of shape difference in the bilateral putamen. The yellow part is the putamen structure and the red part is the area of shape deformation. The green part is the fibre bundle, which was generated from the area of shape deformation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)](gr3){#f0015}

![Probabilistic tractography shows the mean tracts originating from the area of shape difference in the left thalamus ([Fig 4](#f0020){ref-type="fig"}). The blue part is the thalamus structure and the red part is the area of shape deformation. The green part is the fibre bundle, which was generated from the area of shape deformation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)](gr4){#f0020}

![Probabilistic tractography shows the mean tracts originating from the shape deformation area in the dorsal aspects of the left thalamus, which have a significant negative correlation with HRDS scores. The blue part is the thalamus structure. The red part is the area of shape deformation; the green part is the fibre bundle, which was generated from the area of shape deformation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)](gr5){#f0025}

###### 

Clinical data of MDD patients and control subjects.

Table 1

                         MDD patients (*n* = 30)   HCs (*n* = 26)   *p*
  ---------------------- ------------------------- ---------------- ---------------------
  Age(years)             34 ± 10.75                31.42 ± 6.5      *p* = 0.276 \> 0.05
  Gender (female/male)   15/15                     13/13            *p* = 1.00 \> 0.05
  Hand(left/right)       0/30                      0/26             
  Education years        15.06 ± 3.62              16.69 ± 4.05     *p* = 0.119 \> 0.05
  HDRS scores            23.73 ± 4.8                                

Data are expressed as mean ± standard deviation.

Unpaired *t*-test for the continuous variables and Pearson chi-square test for the gender were performed using the SPSS.

MDD = Major Depressive Disorder, HCs = Healthy Control subjects, HDRS = Hamilton Depression Rating Scale.

###### 

Normalised volumes of subcortical GM (mm^3^).

Table 2

  --------------------------------------------------------------------------------------------------
                  MDD patients\   HCs\           ANCOVA *p-*value   Bonferroni-corrected *p-*value
                  (*n* = 30)      (*n* = 26)                        
  --------------- --------------- -------------- ------------------ --------------------------------
  Left putamen    7792 ± 1596     8571 ± 794     0.033              0.046

  Left thalamus   11,471 ± 1089   12,173 ± 849   0.024              0.016

  Right putamen   7834 ± 796      8334 ± 798     0.025              0.038
  --------------------------------------------------------------------------------------------------

Volumes (mean ± standard deviation) are given in mm^3^. ANCOVA = analysis of covariance; MDD = Major Depressive Disorder, HCs = Healthy Control subjects.
